Background. It has been shown that atrial natriuretic peptide (ANP), an endogenous vasodilator, dilates coronary arteries and decreases coronary vascular resistance. The purpose of this study was to determine whether an intravenous administration of ANP attenuated exercise-induced myocardial ischemia in 14 patients with stable effort angina pectoris.
consumption in ischemic heart disease. However, the efficacy of ANP in the treatment of angina pectoris has not been examined.
The present study aimed to determine whether an intravenous infusion of ANP attenuated exercise-induced myocardial ischemia in patients with stable effort angina pectoris. Exercise testing was done while ANP or saline was intravenously infused in a double-blind, cross-over manner. The magnitudes of ST segment depression and the extent and severity scores of myo- cardial ischemia assessed by 20`TI-single-photon emission computed tomography (SPECT) were compared during ANP and saline infusion.
Methods

Subjects
This study was done in 14 patients (13 men and one woman; age, 43-73 years) with stable effort angina pectoris who had significant fixed stenosis in one or more coronary arteries. Patients who had unstable angina, previous myocardial infarction, valvular heart disease, or heart failure were excluded. Patients who had ST segment abnormalities at rest were also excluded. No patient was taking digitalis. All patients underwent preliminary exercise testings by the Bruce protocol at least on two occasions before the drug study, and 12 of 14 patients showed horizontal or downsloping ST segment depression of 20.1 mV at least in two leads and/or chest pain on those testings. All patients also underwent the 20`T1-SPECT study before the drug study, and all had the exercise-induced transient perfusion defect in the area perfused by the stenotic coronary artery. No patient had the perfusion defect on MTl-SPECT at rest. Two patients who did not show significant ST segment depression on exercise testings had the exercise-induced perfusion defect on 201T1-SPECT.
Selective coronary arteriography and biplane left ventricular angiography were performed by the Judkins technique in all patients. The degree of coronary artery stenosis (percentage of diameter stenosis) was assessed by cineangiograms taken immediately after intracoronary infusion of isosorbide dinitrate at a dose of 2 mg. A stenosis of 75% or more in the luminal diameter was considered significant stenosis. Left ventricular ejection fraction was calculated by the area-length method. 18 Exercise Testing and Thallium Myocardial Scintigraphy Exercise testing was performed by the Bruce protocol. Cuff blood pressure (STBP-680, Nihon Colin, Tokyo), heart rate, and 12-lead ECG were recorded at every 1-minute interval throughout exercise testing. In addition, three ECG leads (aVF, V,, and V5) were continuously monitored. A computer-assisted system (Marquette Case 12, Marquette Electronics Inc., Milwaukee, Wis.) was used for displaying the trends of heart rate, rate-pressure products, and ST segments of the three monitored leads. Exercise testing was terminated when significant ST segment depression and/or chest pain occurred. Criteria for significant ST segment depression were horizontal or downsloping ST segment depression of .0.1 mV at 0.08 seconds after the J point in more than two leads.`0 1T1 (111 MBq) was injected at the maximum level of treadmill exercise testing, and the patients continued to exercise for 1 minute after injection. The patients were imaged with a rotating gamma camera at 10 minutes and 3 hours after injection of`01T1. The system of SPECT consisted of a large field of view gamma camera with a high-resolution, parallel-hole collimater mounted on a gantry (Shimadzu SNC-500, Shimadzu Inc., Tokyo) and interfaced to a dedicated computer system (Scintipack 700, Shimadzu Inc.). Thirty-six projections at every 50 were obtained for 30 seconds each in the 180°arc around the long axis of each patient from the 450 right anterior oblique to the left posterior oblique projection. The short-axis tomographic images that encompassed the entire left ventricle were reconstructed at a 6.0-mm interval.
The computerized`01T1 tomographic method, which was described by Garcia et al,'9 was used to quantify the size of myocardial perfusion defect. The circumferential profiles for each short-axis tomographic image were constructed automatically from the most apical to the most basal image. Each point in the maximal-count profiles represented the maximum count value per pixel in each 60 radii, which were along a radius extending from the center of the left ventricle to the limit of the radius of search. The profile was then constructed by the computer from the values of 60 radii spaced at 50 intervals plotted clockwise. Each profile was normalized to the maximum pixel value in the profile of each image. The resulting profiles were arranged as a series of concentric circles that formed a single two-dimensional polar map with the apex at the center and the base at the periphery. Activity from the inferior wall was located at the bottom of the two-dimensional polar map, activity from the septum was located on the left, and activity from the lateral wall was located on the right. To formulate a polar map, the normalized maximum pixel value at each point was compared with the normal value at the corresponding point, which had been derived from 20 normal subjects. Two types of polar maps were generated for quantitative analysis of abnormal myocardial perfusion: one map for the extent of abnormal myocardial perfusion and the other for its severity. In the extent polar map, the circumferential profiles are compared with the lower limit of normal range (<2.0 SD of the mean), and thus the fraction of left ventricular myocardium with perfusion defect is indicated. In the severity polar map, the pixel values within normal range are shown as red, and the pixel values below the normal limit are shown in blue-white levels, depending on the severity. The severity score was determined by dividing the sum of total difference between normalized maximum pixel values and the pixel values below the normal range in the abnormal area by the number of abnormal pixel points on the severity map.
Study Protocol
The study was done while the patients were on nitrates and/or calcium antagonists (two patients on nitrates and 12 patients on both nitrates and calcium antagonists). However, the drugs were not changed during the study period, and exercise testings were performed in the morning, strictly 2 hours after the last medication. No patients were taking p-blockers. Twelve patients (patients 1-12, Table 1 ) who had exercise-induced ST segment depression underwent exercise testing to examine exercise-induced ECG changes during intravenous infusion of ANP (0.1 jig/kg per minute) (Suntory Ltd., Osaka, Japan) or saline. Seven patients (patients 8-14, Table 1 ) underwent the 20'Tl-SPECT study to evaluate the exercise-induced perfusion defect during intravenous infusion of ANP or saline. Exercise testing and the 20`TI-SPECT studies during infusion of ANP and saline were done at a week interval in a double-blind, cross-over manner. The duration of exercise during ANP and saline infusion was the same, which was determined in each patient in preliminary exercise testing done before the drug study to cause transient myocardial ischemia. The order of ANP and saline was randomized. ANP and saline were infused with an infusion pump (Nipro SP-60, Techtoron Inc., Osaka, Japan). Drug infusion was begun 10 minutes before beginning exercise testing and continued until peak exercise. We selected this dose of ANP because it has been used for the treatment of congestive heart failure.1420
The results of 20`T1-SPECT were analyzed individually and blindly by three experienced observers (H.T., H.N., and S.K.) without knowledge of the treatment of ANP or saline. The location of myocardial perfusion defect was diagnosed in SPECT images. There was no difference in opinion on location of significant myocardial perfusion defect among three observers. The extent and severity of myocardial perfusion defect were diagnosed in polar maps, where the area of abnormal perfusion was indicated as the area of thallium counts <2.0 SD of the mean. Plasma ANP and cGMP Assay Venous blood was sampled from the contralateral arm for the measurements of plasma ANP and cGMP before infusion and at the end of exercise testing during saline and ANP infusion.
Plasma ANP levels were determined by radioimmunoassay (RIA) using the method described previously. 21 Briefly, the RIA assay buffer was 0.1 M Tris acetate, pH 7.4, containing 0.1% bovine serum albumin and 1 mM Na2 EDTA. The RIA incubation mixture consisted of 100 ,u1 of standard ANP, 100 ,ul of antiserum diluted in the assay buffer, 100 ,ul of 1251-ANP (10, The representative ECGs on exercise testing in a patient (patient 3) are shown in Figure 1 . Figure 2 summarizes exercise-induced ST segment depression during ANP and saline infusion in 12 patients who underwent exercise ECG recordings. During saline infusion, all 12 patients developed significant ST segment depression on exercise testing, but significant ST segment depression did not occur during ANP infusion at the same level of exercise. Mean ST segment depression during ANP infusion was significantly less than that during saline infusion (0.0±0.0 versus 0.2±0.1 mV, p<O.Ol).
Anginal pain occurred in nine of 14 patients at the preliminary exercise testings. During saline infusion, exercise-induced anginal pain appeared in all nine patients. During ANP infusion, only one patient (patient 5) developed anginal pain, which was considerably milder than that during saline infusion. Figure 3 shows the images and two-dimensional polar maps of 20MTI-SPECT in patient 8, in whom the exercise-induced perfusion defect was noted during saline infusion but not during ANP infusion.
Hemodynamic Variables and Plasma ANP Concentrations Changes in hemodynamic variables on exercise testing during ANP and saline infusion are summarized in Table 3 . After 10 minutes of infusion, just before exercise testing, ANP decreased resting systolic blood pressure but did not alter heart rate. At peak exercise, systolic blood pressure, heart rate, and the rate-pressure products increased (p<0.01) and did not differ between ANP and saline infusion.
Plasma ANP concentration increased from 96±42 pg/ml (at rest) to 133±66 pg/ml (at peak exercise) during saline infusion (p<0.01) and from 98±45 pg/ml (at rest) to 4,383+2,782 pg/ml (at peak exercise) during ANP infusion (p<0.01). Plasma cGMP also increased from 3.4±1.8 pmol/ml (at rest) to 4.6±1.8 pmol/ml (at peak exercise) during saline infusion (p<0.01) and from 3.6±1.7 pmol/ml (at rest) to 34.5±16.1 pmol/ml (at peak exercise) during ANP infusion (p<0.01) ( Table 4) . Discussion The major finding of this study is that in patients with stable effort angina pectoris, an intravenous infusion of synthetic a-human ANP at a dose of 0.1 jig/kg per minute significantly reduced exercise-induced myocardial ischemia assessed by exercise ECG recordings and the exercise 20`T1-SPECT studies.
Previous studies in animals and humans have shown that ANP causes coronary vasodilation and increases coronary blood flow.9-12 In chronically instrumented dogs, an intracoronary injection of ANP (10 ug) dilated large epicardial coronary arteries and increased coronary blood flow."1 The dilation of epicardial coronary artery evoked with ANP at this dose was comparable to that evoked with an intracoronary injection of nitroglycerin (1 ,ug).10 It also has been shown that in dogs with flow-limiting coronary artery stenosis, an intravenous injection of ANP (3 jig/kg) improved regional myocardial perfusion to the ischemic area. 13 In humans, intravenous or intracoronary ANP dilated large epicardial coronary arteries and increased coronary blood flow.",1223 These findings suggest the possibility that ANP may be efficacious in improving myocardial perfusion in the ischemic region in patients with coronary artery disease. Furthermore, in addition to the effects on coronary circulation, the systemic effects of ANP are expected to improve myocardial ischemia by reducing myocardial oxygen consumption.5 '12 It has been shown in humans that ANP decreased arterial pressure and left ventricular end-diastolic pressure by reducing venous return.'2,'5 Lack of reflex tachycardia with ANPinduced hypotension24 is beneficial in preventing an increase in oxygen consumption. However, no study has examined whether ANP is effective in reducing myocardial ischemia in patients with angina pectoris.
This study was designed to examine whether an intravenous infusion of ANP reduced the magnitude of exercise-induced myocardial ischemia in patients with stable effort angina pectoris. The patients underwent exercise testing during infusion of ANP and saline in a double-blind, cross-over manner. The duration of exercise varied among patients but was the same during ANP and saline infusion in each patient. The duration of exercise was determined in each patient in preliminary exercise testing before the drug study to cause exercise-induced myocardial ischemia. Among 12 patients who underwent exercise ECG recordings during ANP and saline infusion, all developed significant ST segment depression (20.1 mV) during saline infusion, whereas no patient showed significant ST segment depression during ANP infusion (Figure 2) . The exercise-induced myocardial perfusion defect was noted during saline infusion in all seven patients who underwent the exercise 20MT1-SPECT studies during drug infusion. Five of those patients developed the exerciseinduced perfusion defect and two patients did not develop perfusion defect during ANP infusion. However, the extent score and severity score of the exerciseinduced perfusion defect were significantly less during ANP infusion than during saline infusion (Table 2) . Furthermore, nine patients developed anginal pain on exercise testing during saline infusion, whereas only one patient had anginal pain during ANP infusion, which was milder than that during saline infusion. These results indicate that intravenous infusion of ANP at a dose of 0.1 ,ug/kg per minute reduced exercise-induced myocardial ischemia in patients with stable effort angina pectoris.
In two patients, the extent score and severity score of the exercise-induced myocardial perfusion defect did not differ during ANP and saline infusion (patients 11 and 12, Table 2 ). In these two patients, exercise-induced ST segment depression and anginal pain developed during saline infusion but did not occur during ANP infusion. The mechanism to account for these results is not clear, but it may be plausible that mild improvement the 20`T1-SPECT study, was sufficient to ameliorate ST segment depression and anginal pain in these patients.
The study was done while the patients were on the antianginal drugs, which included calcium antagonists and/or nitrates. These antianginal drugs might have influenced the effects of ANP on systemic hemodynamics and coronary circulation. However, exercise testing was done strictly 2 hours after the last medication so that the difference in the results between ANP and saline infusion could not be accounted for by the treatment with antianginal drugs per se. Taking nitrates might have reduced the magnitude of beneficial effects of ANP per se, and thus the anti-ischemic effects of ANP could be underestimated because nitrates and ANP share the intracellular mechanism that causes vasorelaxation.25 It also is unlikely that a training effect of repeated exercise testings affected the results. The patients underwent at least two exercise testings before the drug study, which demonstrated reproducible ST segment depression after the same duration of exercise. Moreover, the order of the study with ANP and saline infusion was randomized.
The precise mechanisms by which ANP reduced exercise-induced myocardial ischemia in our patients with stable effort angina pectoris are not known. As previously discussed, ANP may improve coronary perfusion in the ischemic region'3 and may reduce myocardial oxygen consumption.'4 We calculated the ratepressure products at peak exercise, which did not differ during ANP and saline infusion (Table 3) . Although factors other than blood pressure and heart rate that influence myocardial oxygen consumption are not considered, the latter results may suggest that myocardial oxygen consumption at peak exercise was similar during ANP and saline infusion. Thus, it appears that ANP improved exercise-induced myocardial ischemia largely by increasing coronary perfusion to the ischemic region in our patients with stable effort angina pectoris. In this regard, eight of our 14 patients had variable degrees of visible collateral anastomosis. In these patients with collateral vessels, ANP might have reduced exerciseinduced myocardial ischemia by increasing myocardial perfusion through collateral vessels. Therefore, whether the anti-ischemic effects of ANP are mediated by dilating collateral vessels, stenotic segments of coronary artery, or both awaits further studies.
Finally, we infused one dose of ANP (0.1 ptg/kg per minute), which was comparable to that used for the treatment of congestive heart failure.'420 Infusion of ANP at this dose raised plasma ANP level from 98 to 4,385 pg/ml and cGMP level from 3.6 to 34.5 pmol/ml. Thus, it should be noted that attained concentrations of plasma ANP were pharmacological rather than physiological levels. Increased plasma cGMP indicates that ANP activated particulate guanylate cyclase in vascular smooth muscle.26 Because the effects of multiple doses of ANP were not examined, we do not know the plasma level of ANP that is needed to decrease exerciseinduced myocardial ischemia.
Summary
An intravenous infusion of ANP at a dose of 0.1 ag/kg per minute decreased exercise-induced myocardial ischemia assessed by exercise ECG recordings and of myocardial perfusion, which was not detectable by the`TI-SPECT study in patients with stable effort by guest on September 1, 2017 http://circ.ahajournals.org/ Downloaded from angina pectoris. Because ANP must be given intravenously, it may not be useful as a drug to control effort angina pectoris in daily life. However, the results of this study suggest the possibility that intravenous administration of ANP may be efficacious in the treatment of severe angina pectoris in patients such as those who require intravenous infusion of nitrates. It is also possible that an inhibitor of neutral endopeptidase, which metabolizes endogenous ANP, may be useful for the treatment of effort angina pectoris.2728 These possibilities need to be examined in future studies.
